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Abstract 30 
The aim of this work was to evaluate the different phases formed during solidification and 31 
after thermal aging of the as-welded 625 nickel-based alloy, as well as the influence of 32 
microstructural changes on the mechanical properties. The experiments addressed aging 33 
temperatures of 650 and 950 
o
C for 10, 100 and 200 h. The samples were analyzed by 34 
electron microscopy, microanalysis and X-ray diffraction in order to identify the secondary 35 
phases. Mechanical tests such as hardness, microhardness and Charpy-V impact test were 36 
performed. Nondestructive ultrasonic inspection was also conducted to correlate the signals 37 
with mechanical and microstructural properties. The results show that the alloy 625 when 38 
aged at 650 °C experienced microstructural changes that were responsible by the dissolution 39 
of Laves phase formed during the solidification and the appearance of fine carbides along the 40 
solidification grain boundaries. When aged at 950°C, the Laves phase was continuously 41 
dissolved and the excess Nb caused the precipitation of -phase (Ni3Nb), which was 42 
intensified at 10 hours of aging, with subsequent dissolution for longer periods such as 200 h. 43 
Even when subjected to significant microstructural changes, the mechanical properties, 44 
especially toughness, were not sensitive to the dissolution and/or precipitation of the 45 
secondary phases. 46 
Keywords: Electron microscopy; microanalysis; nickel based superalloys; welding; aging; 47 
phase transformation. 48 
 49 
 50 
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 52 
 53 
 54 
3 
 
 55 
1 Introduction 56 
One of the most interesting characteristics of the nickel-based superalloys is its high 57 
corrosion resistance to an aqueous chloride medium.
[1]
 Furthermore, these alloys exhibit 58 
extraordinary resistance to a wide range of organic and mineral acids due to their excellent 59 
corrosion resistance properties, mainly, at high temperatures, and, therefore, are commonly 60 
found in the marine, aerospace, chemical and oil and gas industries.
[2-5]
  61 
The alloy Inconel® 625 stands out as one of the leading commercial Ni–Cr–Mo–Nb 62 
alloy grades.
[2]
 The development of this alloy in 1964 was designed to meet the market of 63 
alloys for high temperature service. However, with the discovery of its exceptional corrosion 64 
resistance, it also came to assume a prominent position in other applications, where corrosion 65 
resistance is essential.
[1]
 66 
In addition, the 625 nickel-based superalloy exhibits an outstanding combination of 67 
mechanical properties and resistance to pitting, crevice and intergranular corrosion due to the 68 
solid-solution strengthening effect of chromium, molybdenum and niobium in its nickel 69 
matrix, making precipitation-hardening treatments unnecessary.
[1]
 However, elements such as 70 
Cr, Ti, Nb and Mo are also strong precipitate formers. According to many studies, the 71 
presence of these elements influences the formation of the metastable ’’ phase (Ni3Nb), 72 
primary MC carbides where M denotes Nb and Ti. There are other types of carbides such as 73 
M6C, where M denotes Si, Ni and Cr, and also M23C6 where M denotes mainly Cr and/or 74 
Mo.
[6–9]
 75 
Nevertheless, the high cost of nickel based superalloys makes them unviable for 76 
massive applications in some situations. In order to overcome this obstacle and make the use 77 
of Ni-based alloys attractive to equipment manufacturers, providing high service performance 78 
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using this particular class of material, overlays with Ni-based alloys on C-Mn low alloy and 79 
stainless steels have become an option in recent years.
[10-12]
 80 
During welding with the Inconel 625 alloy as filler metal, there is an intense 81 
microsegregation of elements, such as niobium and molybdenum, within the interdendritic 82 
regions causing the supersaturation of the liquid metal in its final stage of solidification.
[10]
 83 
This important phenomenon results in the precipitation of Nb-rich Laves phase and MC 84 
primary carbides of type NbC.
[13, 14]
 The segregation and precipitation of secondary phases 85 
like Nb-rich Laves phase, which has a low melting point, can cause an increase in the 86 
temperature solidification range, making the alloy susceptible to solidification cracking.
[15]
 87 
However, an adequate selection of the welding conditions can minimize the formation of the 88 
Nb-rich Laves phases, thus reducing susceptible to solidification cracking.  89 
Although several studies have reported the presence of Laves phase in alloys 90 
containing Nb and Mo, such as 625 and 718, there are few studies that address the effect of 91 
the presence of this phase on the mechanical properties, especially impact resistance.
[16,17]
  92 
However, there are several studies on the effect of high temperature exposure on secondary 93 
phase precipitation and the effect of such precipitations on the mechanical properties has been 94 
investigated.
[18-21]
 Nonetheless, on many occasions, these alloys are evaluated from wrought 95 
or annealing bars, which are very different when compared with the as-welded condition.     96 
As a general rule, the microstructural changes in these alloys, and consequently any 97 
changes to their mechanical properties are extensively investigated using metallographic 98 
evaluations supported by microscopic techniques. These investigations can be difficult, 99 
especially in field applications where access to the affected areas may be restricted.
[22]
 100 
Recently, the potential of nondestructive testing methods, based on ultrasonic signals, to 101 
evaluate microstructural characterization and mechanical properties in ferrous alloys has been 102 
systematically evaluated. These authors analyzed ultrasonic results of velocity and attenuation 103 
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and compared them against the ones obtained by destructive testing such as the Charpy 104 
impact, X-ray diffraction and hardness tests.
[23-25]
 The findings showed that ultrasonic testing 105 
is a promising technique to follow-up material phase transformations. This approach was used 106 
with the 625 alloy to detect microstructural changes based on ultrasonic attenuation and 107 
velocity measurements by Albuquerque et al.,
[26]
 confirming again its main advantages.   108 
Besides such approaches, further research work has been developed to obtain faster 109 
and more accurate methods for microstructural characterization. One such example is the 110 
ultrasonic signal classification method using the recent and powerful Optimum Path Forest 111 
classifier
[27]
 and the traditional Support Vector Machines, with Bayesian and Artificial Neural 112 
Network algorithms
[28]
. Results with more than 90% of accuracy were achieved in 1.40 ± 0.57 113 
milliseconds with material samples aged at 650º C and aging times of 0, 10, 100, 200 hours. 114 
However, the performance of these techniques is lower for the samples aged at temperatures 115 
of 950º C for the same period of times, with an accuracy of approximately 73% in 0.77 ± 0.02 116 
milliseconds.  117 
Recently Silva et al.
[29]
 evaluated the performance of magnetic permeability as a 118 
nondestructive low-cost and alternative tool for the microstructural characterization of a 119 
duplex stainless steel, and was able to confirm that the magnetic permeability can be used to 120 
successfully track the formation of the alpha line phase from the alpha phase on a duplex 121 
stainless steel. 122 
Thus, the aim of this study was to evaluate the microstructural evolution during aging 123 
heat treatments performed on welds of 625 nickel-based alloys. Extensive microstructural 124 
characterization was carried out by scanning electron microscopy and energy dispersive 125 
spectroscopy, as well as by non-destructive testing. In addition, the influence of the 126 
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microstructural changes on the mechanical properties such as impact strength and hardness 127 
were also evaluated.  128 
 129 
 130 
2 Experimental procedures 131 
Inconel 625 alloy coatings deposited on an ASTM A36 steel base were used in the 132 
experiments. The chemical compositions of these materials are shown in Table 1. A 4.0 mm 133 
diameter tungsten electrode doped with thorium was used, and pure argon (99.99%) was 134 
chosen as the shielding gas. 135 
An electronic multi-process power source connected to the data acquisition system 136 
was used during the welding to monitor the current and tension applied. The manipulation of 137 
the torch was carried out using an industrial robot system, Figure 1a. An automatic cold wire 138 
feed system for the gas tungsten arc welding (GTAW) was used to supply the filler metal. A 139 
positioning unit was used to guide the wire into the arc so that adjustments to the 140 
configuration parameters and geometry of the wire feed could be made, Figure 1b.  141 
 142 
  143 
Figure 1. Experimental setup used in the welding process: (a) robotic system, (b) GTAW 144 
guide wire feed and torch. 145 
 146 
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The coating was welded onto an ASTM A36 steel base plate, resulting in a coating of 147 
350x60x14 mm
3
. The other welding parameters were: 285 A of welding current (DCEN), arc 148 
voltage of 20 V, travel speed equal to 21 cm/min, welding heat input of 16 kJ/cm, wire feed 149 
speed equal to 6.0 m/min, arc length of 10 mm, 15 l/min of gas flow and arc oscillation 150 
describing a double-8 trajectory. Other minor settings included the wire feed direction ahead 151 
of the arc weld, wire tip to pool surface kept at a distance of 3 mm, wire feeding angle 152 
maintained constant and equal to 50º, and electrode tip angle fixed at 50º.  153 
To guarantee a good overlaying due to multiple pass deposited side by side, a distance 154 
equal to 2/3 of the initial weld bead width was established as an ideal step. Other arc 155 
oscillating parameters adopted were: oscillation amplitude of 8 mm and wave length equal to 156 
1.2 mm. To produce a 10 mm thick coating on the substrate, seven layers with eight passes 157 
were deposited under identical welding conditions. 158 
After the welding, the coating was detached from the substrate by conventional 159 
machining, as the material of interest was only the Inconel 625 alloy. Then, the coating was 160 
divided into seven plates, three plates were submitted to aging heat treatments at 650 ºC for 161 
times of 10, 100 and 200 h, another three plates were submitted to aging heat treatments at 162 
950 ºC for times of 10, 100 and 200 h, and the remaining plate was kept in the as-welded state 163 
(0 h). The aged plates were water cooled with moderate agitation at room temperature. 164 
Afterwards, the seven samples were cut and subjected to metallographic preparation 165 
that included grinding using silicon paper with several granulometries, followed by 166 
mechanical polishing using diamond paste with 3 m and 1 m.  Electrolytic etching using 167 
aqueous solution with 10% chromic acid and a tension of 2 V for 15 seconds was used to 168 
reveal the nickel-alloy microstructure. Microstructural analysis of all samples was performed 169 
by a scanning electron microscope (SEM) Philips XL30 (Oxford Instruments, England), and a 170 
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study of the chemical composition of the secondary phases was carried out through energy 171 
dispersive spectroscopy of X-rays (EDS). 172 
X-ray diffraction analysis (XRD) was also used to characterize the secondary phases 173 
precipitated during solidification and due to solid state transformation during aging treatment. 174 
Since the quantities and dimension of the particles are quite small, an alternative evaluation 175 
was carried out according the ASTM 936 standard, which covers the procedures for the 176 
isolation of TCP (topologically close-packed) in nickel-based alloys. The Panalytical XPert 177 
Pro MPD X-ray spectrometer was used in the present investigation. For post-processing and 178 
peak matching the X´Pert HighScore software and its database were used. The scan details 179 
applied in these analyses were: 2 Theta range from 10 to 120º with a step size of 180 
approximately 0.02º and counting at each step for 4 seconds; Cu Ka radiation was used and 181 
the X-ray generator power was set at 40 kV and 40 mA. 182 
To evaluate the influence of TCP precipitation on mechanical performance of weld 183 
metals, the impact Charpy test was performed according to ASTM E23 using specimens with 184 
dimensions of 55x10x10 mm3 with a 45º V-notch, a notch radius of 0.25 mm and a notch 185 
depth of 2 mm, Figure 2. The impact tests for all conditions were performed at room 186 
temperature. The micro-hardness test was performed on as-welded and aged samples using a 187 
Vickers hardness tester Shimadzu (HVMG) using a 200 g load and a dwell time of 15 second. 188 
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189 
 190 
Figure 2. Schematic diagram showing: (a) the location and orientation of the Charpy-V 191 
specimens taken from the weld cladding; (b) dimensions of the Charpy impact specimens.  192 
For the physical property assessment via ultrasonic nondestructive testing (aka 193 
ultrasonic NDT), the pulse echo technique was used to obtain average ultrasonic velocity and 194 
attenuation measurements considering twenty signals acquired with 10,000 points, sampling 195 
rate of 1 Gs/s, and ultrasonic transducers of 4 and 5 MHz.  196 
For each sample, twenty signals with two adjacent echoes per signal were acquired for 197 
the velocity measurements. Next, the time between the first two echoes was measured through 198 
an echo overlapping algorithm.
[30]
 With the wave propagation time and the thicknesses of the 199 
samples, obtained by using a micrometer at the same signal acquisition points, it was possible 200 
to determine the average velocity of wave propagation through the equation:
[31]
 201 
0
2
,
X
v 

 
(1) 202 
in which X  is the thickness of the sample [m] and 0  is the time of the wave course [s] until 203 
the two adjacent echoes ( 1B  and 2B ) overlap each other, and its value is determined using:
[31]
 204 
1 2( ). ( ) .B t B t dt



 
(2) 205 
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Although, the time measurement can be obtained directly from the oscilloscope, as 206 
previously mentioned, the echo overlapping method was used for it provides greater 207 
sensitivity and maximum accuracy.
[30]
 208 
The ultrasonic attenuation coefficient, , [dB/mm], was calculated using:[31] 209 
0
1
20
log ,
2
A
x A
     (3) 210 
in which x  is the thickness of the sample [mm], 0A  is the amplitude of the first echo [dB], 211 
and 
1A  is the amplitude of the second echo [dB]; more details can be found in Normando et 212 
al.
[30]
 213 
 214 
3 Results  215 
3.1 Microstructural characterization 216 
The microstructures of the coatings deposited with Inconel 625 alloy by the GTAW 217 
cold wire feed process were analyzed by SEM, and the results revealed a Ni-fcc matrix that 218 
solidified in a cellular/dendritic mode. During the solidification process, an intense Mo and 219 
Nb microsegregation occurred. Due to this particular phenomenon, extensive amounts of 220 
secondary phases were formed at the intercellular or interdendritic regions. An example of the 221 
representative microstructure of the as-welded alloy condition (0 h) can be seen in Figure 3a, 222 
which also shows in detail the secondary phase formed in the interdendritic region, 223 
confirming the large amount of these secondary phases. Figure 3b shows that there are two 224 
different types of particles. The first is a bright phase with a shapeless or eutectic 225 
morphology, which is due to this phase taking on the shape of the remaining liquid volume 226 
during solidification. The second is a faceted or cubic morphology, which is indicated in the 227 
Figure. 228 
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The chemical composition obtained by EDS in some of these phases, indicated an 229 
enrichment of Mo and Nb, as well as the presence of Si at higher concentrations (Figure 3c). 230 
With reference to the other elements, such as Ni, Fe and Cr, a lower concentration in the 231 
secondary phase was found relatively to the nominal composition of the weld metal, Table 2.  232 
 233 
 234 
  235 
Figure 3. (a) SEM micrographs using secondary electrons showing the Ni-fcc matrix and the 236 
secondary phases of the sample as-welded, (b) In detail, an agglomerate formed by a cuboidal 237 
precipitate of NbC/TiN wrapped by Nb-rich Laves phase, (c) EDS spectrum of Laves phase, 238 
(d) EDS spectrum of NbC/TiN cuboidal precipitate. 239 
 240 
SEM/EDS analysis performed on the cubic precipitate showed higher concentrations 241 
of Nb and Ti and lower concentrations of Cr, Ni and Mo (Figure 3d). It is important to point 242 
that the MoL peak overlaps with Nb L. In addition, a NK peak was found. The 243 
concentration of the main elements is shown in Table 2.  244 
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Figures 4, 5 and 6 show the micrographs of the aged samples at 650 ºC for 10, 100 and 245 
200 h, respectively, and the microstructural modifications can be seen. These micrographs 246 
show that the microstructural evolution is mainly due to dissolution of the Nb-rich Laves 247 
phase, and the cubic particles of Nb and Ti complex carbides/nitrides remain in the 248 
microstructure.  249 
 250 
  251 
Figure 4. (a) Representative microstructure of the sample aged at 650
o
C for 10 hours; (b) 252 
Detail of the Eutectic-like Laves phase and some cuboidal precipitates of NbTi 253 
carbides/nitrides 254 
 255 
  256 
Figure 5. (a) Representative microstructure of the sample aged at 650
o
C for 100 hours; (b) 257 
Detail decomposition of the Laves phase with significantly reduced dimensions, and where 258 
some cuboidal precipitates of carbides/nitrides can also be seen. 259 
 260 
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 261 
 262 
  263 
Figure 6. (a) Representative microstructure of the sample aged at 650 
o
C for 200 hours 264 
showing practically only NbTi carbides/nitrides; (b) Detail showing a small particle of Laves 265 
phase reminiscent of the incomplete decomposition. 266 
 267 
A representative microstructure of the sample aged at 650°C for 10 hours is shown in 268 
Figure 4. There was a very low tendency for the dissolution of Laves phase particles. For the 269 
sample aged at 650°C for 100h, an intense dissolution of Laves phase is evident. The volume 270 
fraction of the phase reduced greatly compared to the initial conditions (Figure 5). The 271 
microstructure for the aged condition of 200 hours at a temperature of 650°C, there was 272 
almost a total dissolution of the Laves phase; only remnants were perceived in the 273 
microstructure, as shown in Figure 6. In this case, the microstructure consisted almost entirely 274 
of the -fcc matrix and the particles of cubic NbTi complex carbides/nitrides.  275 
In addition, there was also a noticeable trend in the aged samples with further 276 
precipitation after 100 h and 200 h, especially along solidification grain boundaries and sub-277 
grain boundaries. Figure 7a clearly shows the behavior of the precipitation for the 100 h aging 278 
condition, in which a discontinuous precipitation of very thin precipitates can be seen along 279 
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the grain boundaries. For the 200 h aging, a continuous thin film precipitate can be seen along 280 
the grain boundaries in Figure 7b.  281 
 282 
  283 
Figure 7. (a) Grain boundary precipitation in an early stage observed in the sample aged at 284 
650 
o
C for 100 hours; (b) Grain boundary precipitation like continuous film observed in the 285 
sample aged at 650 ºC for 200 hours. 286 
 287 
Using a low accelerating voltage in a SEM-FEG microscope, EDS analyses of some 288 
particles precipitated at the grain boundary were performed (Figure 8a). Unfortunately, due to 289 
the size of those particles precipitated along the grain boundary, the results of the EDS 290 
analysis were not conclusive. However, there was a slight increase in Cr in these particles and 291 
an intense peak of carbon and silicon in many cases (Figure 8b). This may indicate the 292 
formation of carbides such as (Cr6C) and/or (CrMo)23C6. Also, there was a higher 293 
concentration of Nb in the matrix than in the interdendritic region, indicating an enrichment 294 
caused by Laves phase dissolution (Figure 8c).   295 
 296 
 297 
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 298 
 299 
 300 
  301 
Figure 8. (a) Microchemical analysis of nano-sized precipitates along the grain boundary 302 
performed by EDS; (b) EDS spectrum of the particle; and (c) Spectrum of the matrix adjacent 303 
to the precipitate.  304 
According to the Thermo-Calc analysis for the chemical composition of the weld 305 
metal evaluated by optical emission spectroscopy (Table 3), M23C6 is able to precipitate at all 306 
temperatures evaluated in this study (Figure 9). Therefore, M23C6 is considered a strong 307 
candidate to precipitate in grain boundaries as was found at 650 °C after 200 h.  308 
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However, the formation of M6C carbides can not be discarded, since these carbides are 309 
frequently found in alloys containing chromium, molybdenum and niobium.
[32]
 In addition, is 310 
reported that M6C exhibit excellent temperature stability, however may undergo a 311 
transformation to M23C6 for long exposure time at high temperature (816°C - 927°C).
[32]
 In 312 
addition, Figure 10 shows the presence of a very thin precipitation along the interdendritic 313 
region, together with grain boundary precipitation.  314 
 315 
Figure 9. Phase diagram calculated by Thermo-Calc
©
 based on the weld metal chemical 316 
composition. 317 
 318 
  319 
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Figure 10. Precipitation along the grain boundary and a very thin precipitation dispersed into 320 
the interdendritic region which may be an indicative of the ” (Ni3Nb) phase. 321 
 322 
 323 
On increasing the aging temperature from 650 to 950 °C, several microstructural 324 
changes were found. Figure 11 shows representative microstructures of the Inconel 625 alloy 325 
aged at 950 °C for 10 hours. In this case, the microstructure indicated the appearance of a new 326 
structure with needle morphology. As can be seen in Figure 12, the needles precipitated into 327 
the interdendritic region. Another observation is that Laves phase apparently dissolved to give 328 
needle phase.  329 
  330 
  331 
Figure 11. Examples of SEM micrographs using secondary electrons showing the aged 332 
microstructure at 950 °C for 10 hours taken from different positions. 333 
 334 
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  335 
Figure 12. Details of TCP phases in the microstructure showing Ni3Nb -phase needles 336 
together with Nb-rich Laves phases into the interdendritic region. Also a large cubic 337 
precipitate of NbTi complex carbide/nitrite was observed.   338 
 339 
A chemical mapping acquired by EDS analysis for the main alloying elements is 340 
shown in Figure 13. The results indicated that the region where needles are precipitated is rich 341 
in Nb. This shows that the precipitation occurred preferably in the interdendritic region, since 342 
due to microsegregation, this zone is enriched in Nb. This region also has a high volume 343 
fraction of Laves phase rich in Nb, which is indicated in the Figure 13 by a dotted ellipse, and 344 
whose dissolution serves as a continuous supply of Nb to form the needle particles. No 345 
alterations were seen in the NbTi complex carbide/nitrides, or in the microstructure (indicated 346 
in the chemical maps by a dotted square). 347 
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  348 
 349 
Figure 13. Chemical mapping obtained by EDS for the alloying elements: (a) SEM image, (b) 350 
Mo, (c) Nb, (d) Ni, and (e) Ti. 351 
 352 
The 625 alloy weld metal showed a partial dissolution of the δ-phase up to 100 h aged 353 
at 950 °C, as can be seen in Figure 14a. In addition, several particles of the cubic complex 354 
carbides/nitrides and large blocks of NbC carbides that grow from preexisting 355 
carbides/nitrides can be seen. Also, but with a lower frequency, small particles of Laves phase 356 
were found, which were almost completely solubilized during the aging.  357 
Figure 14b shows an early stage of nucleation of thin particles maidenly precipitated 358 
along grain boundaries and sub-grain boundaries. Figure 15a and 15b details the 359 
microstructure of the sample aged at 950 °C for 100h showing the apparent dissolution of the 360 
Ni3Nb -phase needles and the presence of residual Nb-rich Laves phases in the interdendritic 361 
region. Also, some small cubic precipitates of the NbTi complex carbide/nitrite can be seen.  362 
 363 
20 
 
  364 
Figure 14. Examples of SEM micrographs using secondary electrons showing the aged 365 
microstructure at 950 °C for 100 hours taken from different positions. 366 
 367 
  368 
Figure 15. In detail, some secondary phases formed by Laves phase unsolved, -phase Ni3Nb 369 
needle-like and some NbTi carbide/nitride cuboidal particles. Sample aged at 950 °C for 370 
100h.  371 
Figure 16a and Figure16b show representative micrographs of the treated material 372 
held at high temperatures for periods of up to 200 h. Here these Figures show an almost 373 
complete dissolution of the precipitates previously present in the microstructure. No 374 
precipitates with needled morphology can be seen, indicating that for this condition of aging, 375 
there was a complete dissolution of the -phase. Furthermore, Laves phase particles were not 376 
clearly observed, indicating also the complete dissolution of this phase. Therefore, for this 377 
condition of treatment, all TCP phases were dissolved and only cubic NbTi carbides/nitrides 378 
and large NbC carbides were present in the microstructure. In some regions, where there were 379 
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no large blocks of primary carbides (NbC), a fine precipitation along the grain boundaries and 380 
sub-grain boundaries together with the cubic NbTi carbides/nitrides can be seen, as shown in 381 
Figure 16c and Figure16d. 382 
In order to increase the volume fraction of the analyzed material, increasing the peak 383 
intensities and to improve the identification of the phases formed in the weld metal, X-ray 384 
diffraction analyzes were performed on powder precipitates produced by the extraction 385 
technique in accordance with ASTM A923. XRD results showed the whole X-ray 386 
diffractogram recorded for the 10 h aged sample for the two temperatures, 650 and 950 °C 387 
(Figure 17). All the peaks were identified and indexed according to the standards, depending 388 
on the phases formed. For the sample aged at 650 °C for 10 h (Figure17a), the peaks 389 
-fcc matrix, which confirm the 390 
microstructural observations made by SEM. Some minor peaks were not associated to the 391 
phases and were indexed, for example, as iron oxide. 392 
  393 
  394 
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Figure 16. Examples of SEM micrographs using secondary electrons showing the aged 395 
microstructure at 950 °C for 200 hours taken from different positions. (a) and (b) Regions 396 
showing cubic NbTi carbides/nitrides and large NbC carbides; (c) and (d) Small cubic NbTi 397 
carbides/nitrides and a fine precipitation at the grain boundaries can be seen. 398 
 399 
Figure 17b shows the diffractogram for the sample aged at 950 °C for 10 h. The peaks 400 
were identified and indexed as -phase, (Nb,Ti)C carbide and -fcc matrix, according to the 401 
ASTM A936 standard which covers the procedure for the isolation of TCP in nickel-based 402 
alloys. This result confirm that supposed Nb-rich needle-like phase is in fact -phase (Ni3Nb).   403 
 404 
  405 
Figure 17. X-ray diffractograms from powder extraction concentrated in the secondary 406 
phases: (a) Sample aged at 650 °C for 10h; and (b) Sample aged at 950 °C for 10 h.   407 
 408 
  409 
3.2 Mechanical properties evaluation 410 
 411 
Figure 18 presents the results of the Charpy-V impact test. The analysis of variance 412 
(ANOVA) indicated that the absorbed energy in joules for both aging temperatures evaluated 413 
was significant, and varied as a function of aged time; the significance factor was below 414 
23 
 
0.00002 with a confidence of 95%. Table 4 shows that a high energy was absorbed for the as 415 
welded non-aged condition (0h), which was higher than 140 J. For the sample aged at 650 °C, 416 
there was a slight increase in toughness, from 142 to 151 J. On prolonging the aging time, 417 
there was a noticeable drop in the absorbed energy values for the times of 100 and 200 h. 418 
However, it is important to note that even after 200 hours of aging, the absorbed energy 419 
values were greater than 98 J. For the sample aged at 950 °C for 10 h aging time, there was a 420 
slight decrease in toughness, with a mean value of 121 J, while the energy absorbed for 421 
prolonged aging time (100h and 200h) increases again. 422 
 423 
 424 
Figure 18. Results of the effect of aging temperature and time on the absorbed energy in the 425 
Charpy-V impact test, evaluated by analysis of variance. 426 
 427 
Fractography analysis were performed on the surface of the Charpy-V impact test 428 
samples, in order to understand the details about the cracking behavior. The images were 429 
acquired using SEM operating in SE mode. Figure 19a and Figure 19b shows the 430 
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fractography images for the samples aged at 650°C for 10h and 200h, respectively. In both 431 
cases, ductile fracture characteristic was observed, with dimples structures.  432 
Figure 20a and Figure 20b shows the fractography surface of the samples aged at 433 
950°C for 10h and 200h, respectively. As observed in the fractography images of conditions 434 
aged at 650°C, the conditions aged at 950°C show the same ductile fracture characteristic. 435 
An EDS mapping was obtained from the sample aged at 950 ° C for 200h, in order to 436 
detect the position of the secondary phases in relation with the fracture morphologies. The 437 
Figure 21 show the EDS mapping, which highlighted a high concentration of Nb and Ti into 438 
the dimples core, indicating thus the presence of precipitates in that region.  439 
  440 
Figure 19. Fractography images of the conditions at 650°C for (a) 10h and (b) 200h.  441 
 442 
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  443 
Figure 20. Fractography images of the conditions at 950°C for (a) 10h and (b) 200h. 444 
 445 
   446 
   447 
Figure 21. EDS mapping of the condition aged at 950°C for 200h. (a) Fracture surface image 448 
and yours respective chemical mapping of the elements (b) Ti, (c) Nb, (d) Mo, (e) Ni  and (f) 449 
Cr. 450 
 451 
The results of the micro hardness test were evaluated statistically by analysis of 452 
variance (ANOVA), see Figure 22. Again the statistical analysis shows that the hardness 453 
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varied with 95% confidence as a function of aged time, which is indicated by the significance 454 
factor below 0.00002. On evaluating the hardness curve for samples aged at 650 °C for a short 455 
period of time, no significant changes were found for the hardness, which remained at 456 
approximately 300 HV. However, increasing the exposure at high temperatures for long times 457 
such as 100h and 200 h, the hardness values rises to 437 HV and 443 HV, respectively. 458 
However, no difference in terms of hardness was found when the time of exposure was 459 
changed from 100h to 200 h. In addition to the statistical analysis, the variation in hardness 460 
was very significant in practice, since the difference from lower to higher values was almost 461 
150 HV.   462 
 463 
 464 
Figure 22. Results of the effect of aging temperature and time on the microhardness Vickers 465 
test evaluated by analysis of variance. 466 
 467 
These results of hardness are in agreement with toughness behavior evaluated by the 468 
Charpy test. As shown in Figure 18, the samples aged at 650 °C during short times (0 and 10 469 
h) had an impact energy between 140 to 150 J, whereas samples aged for 100 and 200 h 470 
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experienced a drop in this property. Since the hardness remained low for short aging times 471 
and underwent an increase for long times of exposure, the behavior of both properties are 472 
fully consistent, having a direct correlation, and indicate that a hardening mechanism took 473 
place during aging at 650 °C.   474 
 475 
3.3 Physical properties evaluation 476 
 477 
Albuquerque et al.,
[25]
 presented the ultrasound velocities obtained using the 478 
transducers with frequencies of 4 and 5 MHz from the as-welded and aged at temperatures of 479 
650 ºC for 10, 100 and 200 h samples, showing that ultrasound velocity decreased with the 480 
time of the aging heat treatment between 0 h (as-welded) and 100 h, and increased from 100 481 
to 200 h. This behavior is more similar to results obtained by Charpy impact testing (Figure 482 
18) and inversely proportional to hardness test (Figure 22). 483 
However, Albuquerque et al.
[25]
 did not consider inspection by ultrasound at 484 
temperatures of 950 ºC. Considering this to be important, Figures 23a and 23b present the 485 
results of ultrasonic velocity and attenuation, respectively. Based on these results, none 486 
significant modification of the ultrasonic measurements can be seen between the times of 0h 487 
to 200h. This behavior was completely different of the observed for microstructure, Charpy 488 
impact energy, see Table 4, as well as for hardness testing, Figure 22. We used the same 489 
conditions here as Albuquerque et al.
[25] 
490 
According to measurements for 650°C aged conditions, non-destructive ultrasonic 491 
testing may be a promising tool for monitoring phase changes in the Inconel 625. 492 
Notwithstanding, based on 950°C aged condition it is demonstrated that this technique was 493 
sensitive to the microstructure. Therefore, it is clearly demonstrated that further studies on the 494 
application of non-destructive techniques for detection of microstructural changes in nickel-495 
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based alloys by ultrasound should be developed to identify the technical capabilities and 496 
limitations. 497 
 498 
  499 
Figure 23. Ultrasonic a) velocity and b) attenuation measurements. 500 
 501 
4. Discussion 502 
Based on morphology and chemical composition performed by SEM-EDS analysis, 503 
the shapeless or eutectic particles were characterized as a TCP phase named Laves phase rich 504 
in Nb. These results are consistent with those reported by other authors evaluating the 505 
microstructure of the 625 alloy.
[13,14,33]
 506 
In addition, the presence of cubic precipitates has been reported for the 625 alloy in 507 
the literature
[33,34]
. In another study, Silva et al.
[33]
 confirmed by TEM analysis that these 508 
cubic precipitates observed in the microstructure, are a complex precipitate, consisting of a 509 
core with titanium nitride (TiN) surrounded by a niobium titanium carbide (NbTi)C. 510 
Due to the high melting point of the NbTiN complex of carbides/nitrides (2,927 511 
°C),
[35]
 which is approximately twice the liquidus temperature of the 625 alloy, it is quite 512 
likely that they remain in the solid state within the volume of the liquid pool, differently of 513 
Laves phases which have a low melting point and are formed during the solidification 514 
reaction.  515 
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The microstructural evolution due to thermal aging was evaluated. Based on results is 516 
clearly shows the formation of a discontinuous precipitation of very thin precipitates along the 517 
grain boundaries for the sample aged at 650 °C for 100 h, whereas for the 200 h aging, a 518 
continuous thin film precipitate along the grain boundaries has been observed. Chakravartty et 519 
al.
[16]
 evaluated a tube exposed to high temperatures ranging from 650 to 680 °C after 520 
100,000h in service, and reported the formation of a thin layer of discrete carbide particles at 521 
the grain boundaries, which were identified by TEM as M23C6 carbide. In addition, they found 522 
large chunky M23C6 carbide particles at the grain boundaries. 523 
Evans et al.
[36]
 performed a series of creep testing of foils in air at 750 °C, and among 524 
several significant changes in microstructure, they reported that the grain boundaries became 525 
heavily decorated with precipitates, the majority of which were rhombohedral  phase. 526 
Additionally, a significant fraction of the grain boundary precipitates were found to be a Si-527 
rich variant of M6C.  528 
For the samples thermal aged at 950 °C the microstructural analysis shows the 529 
presence of a new type of precipitation. The evaluation of the characteristics of this new phase 530 
of needle particles, and their comparison with information reported in literature, showed that 531 
these needles are most probable an ordered phase, whose stoichiometric composition is Ni3Nb 532 
and whose crystallographic structure is orthorhombic.
[37,38]
 This phase is commonly observed 533 
in Ni-based alloys containing Nb, such as 625 and 718 alloys, and can precipitate in a wide 534 
range of temperatures and with various morphologies.
[39]
  535 
As mentioned before, the interdendritic region is enriched in Nb due to 536 
microsegregation during solidification, which makes the precipitation of phases rich in this 537 
element possible. In fact, based on the results presented before, the -phase needles are 538 
formed due to the favorable microchemistry in the dendritic region, having a high 539 
concentration of Nb, which is the main element of -Ni3Nb. However, this formation is 540 
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different from what has been observed for Ni-based superalloys with the addition of Nb in 541 
annealing conditions, when the -phase forms due to the decomposition of ” phase, since 542 
both phases have the same stoichiometry but different crystal structures.  543 
In this study, it was proven that Laves phase formed due to microsegregation during 544 
solidification which acts as a niobium reserve for the formation of the delta phase, and its 545 
dissolution over time, which acts as a necessary supply of the said element to the system, in 546 
order to have a continuous formation of the -phase.  547 
According to Delueme et al.,
[38-40]
 there are two kinds of -phases depending on the 548 
precipitation temperature. Phases formed in the temperature range (900 ºC–1000 °C) are 549 
named HT and are characterized by coarse spheroidized or platelet formation.  When the -550 
phase is precipitated at lower temperatures (around 750 °C) during the ageing heat treatment, 551 
the phase is named LT, precipitating in the form of a film or continuous strings along the 552 
grain boundaries.  553 
Mittra et al.
[18]
 suggested that lath-shaped -phases form in Alloy 625 when the alloy 554 
is held isothermally at 850°C. Since, this temperature is the nose temperature of the “C” curve 555 
corresponding to the δ-phase of Alloy 625; the presence of this ordered phase is expected in 556 
all the samples. 557 
The literature reports that the formation of the -phase in significant quantities can be 558 
harmful to the mechanical properties for precipitation hardening Ni-based alloys.
[39-41]
 In the 559 
case of the 625 alloy, which is a solid-solution strengthened alloy, the precipitation of the -560 
phase is produced after long time exposure at high temperatures from the solid solution 561 
supersaturated. Precipitation of the -phase leads to reduced ductility.[40-42] 562 
Another study showed that both hardness and tensile strength decreased with an 563 
increase in ageing temperature due to the precipitation and coarsening of the delta-phase.
[41-43]
 564 
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Therefore, the precipitation of the -phase in weld metal of the 625 alloy aged at 950 °C 565 
found in this study may have a harmful effect on the mechanical properties. 566 
According the detailed microscopic analysis performed for samples thermal aged at 567 
950 °C, was found that many particles remain in microstructure even for longest time of 568 
exposure. This behavior indicates that the aging conditions (time and temperature) were not 569 
favorable to dissolve completely the TCP phases. Cai et al.,
[42-44]
 studied the dissolution 570 
kinetics of the δ-phase in the 718 alloy, which has additional Nb, and mentions that the δ-571 
phase can be fully dissolved into the matrix after a heat treatment at 1020 °C for more than 572 
2h. However, when held at 980 and 1000 °C, a certain amount of δ-phase was still found in 573 
the alloy, even after more than 6h. In this case, the chemical inhomogeneity due to 574 
microsegregation and the formation of Nb-rich phases during solidification makes the 575 
precipitation and dissolution kinetics of the δ-phase different in the 625 nickel-based weld 576 
metals. 577 
Xing et al.
[43-45]
 evaluated the effect of post-weld heat treatment temperature on the 578 
microstructure of Inconel 625 and found that at 950 °C, the ” phase and the  phase 579 
disappeared, similar to the behavior observed in this study. In addition, the authors reported 580 
that small amounts of blocky secondary phases appeared at the grain boundaries, which were 581 
identified by TEM analysis as M6C-type carbide, with a face-centered cubic (fcc) structure 582 
and lattice parameter of 1.12 nm. Thomas & Tait
[19]
 also reported some precipitates at grain 583 
boundaries. The EDS analysis of those particles indicated that they were rich in molybdenum 584 
and niobium, which has led the authors to conclude that they were carbides of the M6C type. 585 
Similar results were found by Ferrer et al.
[44-46]
 and Burke & Miller.
[45-47]
 This reinforces the 586 
suspicions that the thin precipitation along the grain boundaries are particles of M6C carbides.  587 
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In addition, the results obtained by XRD analysis were consistent with the ones 588 
reported in literature.
[46-48]
 This result confirms that most probably the whole volume of Laves 589 
phase were consumed during the aging treatment, providing the niobium necessary for the 590 
formation the of -phase. This behavior is in agreement with the microstructural observations 591 
performed by SEM.  592 
Evaluating the results obtained in Charpy-V impact test for 650 °C aged condition was 593 
found that energy absorbed varied as a function of aged time. As reported by Thomas & 594 
Tait,
[19]
 the heat treatment at comparatively modest temperatures ranging from 650 to 700°C 595 
and for reasonable times of 6-12 h proved beneficial in regenerating the toughness of some 596 
alloys.  597 
Notwithstanding, the behavior exhibited by the post aging material was consistent with 598 
the microstructural changes previously reported. From the as-welded sample to 10 h aged 599 
sample, a small dissolution of Laves phase was observed, this implicated in an increase in 600 
toughness. For longer times of exposures (100 - 200 h), the main microstructural changes 601 
were the dissolution of the Laves phase and precipitation of nanometric particles at grain 602 
boundaries. If on one hand the decrease in the volume fraction of Laves phase has proved 603 
interesting to improve the impact resistance, on the other hand the precipitation of finely 604 
dispersed nanosized particles at grain boundaries and sub-grain boundaries was found to be 605 
harmful to toughness (impact test). 606 
Also for 100 and 200 h of exposure at 650 °C the presence of large blocks of NbC 607 
carbides and cubic NbTi complex were found, which remained from solidification. However, 608 
these particles probably have low or no effect on toughness, since in another study, carried 609 
out by Silva et al.
[48-49]
 evaluating the effect of the interpass temperature on mechanical 610 
properties in weld metal of 625 alloy, these particles were found. The results of the Charpy-V 611 
impact test at cryogenic temperature (-196 °C) showed no significant differences among the 612 
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weld conditions and the level of energy absorbed was higher than 100 J. Therefore, it is 613 
believed that the harmful effect on impact strength was due to the precipitation along the 614 
grain boundaries.  615 
For the conditions aged at 950 °C, a different behavior was observed. There was a 616 
significant drop in fracture toughness for the sample with 10 h treatment. Then, it was 617 
perceived an increasing toughness, returning at about the same level as-welded condition. 618 
This drop in the impact strength for the sample of 950 °C and 10 h may be attributed to 619 
precipitation of the delta phase needles precipitated in interdendritic regions. This indicates a 620 
detrimental effect of precipitation. For 100h treatment at 950 °C, there was a significant 621 
reduction in the amount of the delta phase, which resulted in a recovery of the impact 622 
resistance. For 200 h treatment, as reported above, a microstructure consisting of only large 623 
blocks of Nb carbides and cubic precipitates of NbTi carbides/nitrides was found. Although 624 
nanometric precipitation along the grain boundaries has been reported, this was less intense 625 
compared to those observed for aging at 650 °C. Therefore, the results of impact resistance 626 
indicate that this microstructural condition was not detrimental to the weld properties. 627 
According Mittra et al.,
[18]
 the ductility of which alloy after 1200 h of aging at 540°C 628 
(813 K) is seen to be much higher than that of all samples aged at 700°C (973 K) and 850°C 629 
(1123 K). The formation of large plate-shaped δ phases at 850°C (1123 K) results in lower 630 
strength and ductility compared to that of 700ºC (973 K). A considerable amount of δ 631 
formation after 1200 h of isothermal holding is also seen to produce {111} plane facets. 632 
However, fine micro-dimples of uniform size are seen along the facets of the fractograph. 633 
Since the ductility and toughness of the Ni-fcc matrix is very high, the reduction in impact 634 
strength was lower than expected for aged conditions, but its influence was enough to observe 635 
the behavior that was directly linked with the microstructural changes. 636 
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Thomas & Tait
[19]
 confirmed that the improvement in properties after heat treatment at 637 
650-700 °C was most successful for the recovery of some toughness as observed in the as-638 
received material. However, the toughness still remained low compared to new material. It is 639 
possible that this was due to the formation of the orthorhombic  phase. Another works[49-50] 640 
has found that a reduction in Charpy impact energy to around 180 to J/cm
2
 occurred as a 641 
result of intermediate temperature ageing, which was attributed primarily to the formation of 642 
the orthorhombic  phase. 643 
About fractography images of the conditions aged at 650°C, it was observed that the 644 
changes in toughness do not reflected in the fractography behavior. The ductile characteristic 645 
observed in the recovered condition aged for 10h was the same noted for the worst toughness 646 
condition, which was aged for a long period of exposure (200h). For all conditions aged at 647 
950°C were observed a ductile fracture, even for 10h of treatment that show the lowest impact 648 
toughness. According to Mittra et al.,
[18]
 the most cases of heat treatment performed on 649 
Inconel 625, the nickel matrix hold the ductile fracture characteristic even for significant 650 
changes in the microstructure, since the nickel matrix holding the resistant to impact test. 651 
As shown previously, the fractographies indicates the presence of some small particles 652 
into the cavities of the dimples. In addition, the fracture features reveled some similarity with 653 
microstructure, in which the crack propagation pattern and dimples were aligned along a 654 
specific direction (Figures 19b and 20a), similar to dendrite growth orientation assumed 655 
during solidification.  656 
The presence of precipitates located into the dimples cores suggest that the 657 
interdendritic regions observed in microstructure were the prefer region to open cavities under 658 
deformation. In this case, the precipitates acted as pinning points, blocking the movement of 659 
dislocations and preventing the plastic deformation of the Ni matrix, which is in accordance 660 
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with reported by Sheng et al.
[51]
 On the other hand, the dendrite core regions are precipitate 661 
free and show an impoverishment of solid solution elements such as Mo, Nb and Ti, when 662 
compared with the interdendritic regions, due to the microsegregation phenomena,
[33]
 which 663 
probably reduced the mechanical strengthening and improve the ductility of the dendrites 664 
formed by -fcc matrix.  665 
The EDS mapping in the sample aged at 950°C for 200h, highlighted the presence of 666 
Nb-rich carbides and cubic precipitates of NbTi carbides/nitrides located mainly in the 667 
dimples cores, giving thus the support to the hypothesis that the precipitates act as barrier to 668 
movement of dislocations.  669 
Thus, is possible to correlate the fracture surface with microstructure, assuming that 670 
the dimples arise from small precipitates into interdendritic regions, and the dendrite core 671 
which is precipitate free, is necked and sheared during further yielding. 672 
Concerning to the micro hardness test, the results were also evaluated and its behavior 673 
was statistically significant, which varied as a function of aged time. Thomas & Tait
[19]
 674 
evaluated the hardness of an aged 625 alloy and found 230 HV30 to annealed material 675 
conditions, while for samples aged at 650 °C after 3, 6 and 12 hours resulted in hardness 676 
values ranging from 303 to 317 HV30. In fact, the 10 h aged sample achieved hardness similar 677 
to that found by Thomas & Tait
[19]
 for aged materials (300 HV). Nonetheless, the materials 678 
studied were not weld metals, therefore the initial precipitation of Laves phase due to 679 
solidification would probably make the hardness higher if compared to annealing conditions. 680 
In addition, the authors reported that the results of hardness for a pipe that had been in service 681 
for approximately 50,000 h at 500 °C, a value of 444 HV30 was found. Kirman and 682 
Warrington
[50, 52]
 also reported that the aged material at 650 °C achieved a peak hardness of 683 
400 HV after about 500 h. Therefore, the hardness values measured for samples aged at 650 684 
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°C for higher time of exposure evaluated in this study (100 and 200 h) are in agreement with 685 
those in the literature. 686 
Considering the samples aged at 950 °C, the hardness measures increased 687 
continuously from 0 until 100 h, going up from 291 HV (0 h) to 395 HV (10 h) and 469 HV 688 
for aging times of 100 h. However, on increasing the aging time to 200 h, the hardness 689 
decreased to 422 HV. This behavior shows that intense -Ni3Nb phase precipitation after 10h 690 
exposure, produces an increment of 100 HV approximately, compared to the as-welded 691 
condition (0h).  692 
Nevertheless, the maximum value of hardness was achieved when the 625 alloy weld 693 
metal was exposed to 950 °C for 100 h. For this particular condition, the microstructure 694 
shows a significant reduction in the amount of -phase precipitated. Also for 200 h of 695 
exposure, the hardness value does not drop significantly, even experiencing an expressive 696 
microstructural variation, denoted by a complete delta-phase dissolution and a very low 697 
amount of particles precipitated, according to SEM analysis.  698 
Comparing the hardness values with the toughness results obtained in the Charpy-V 699 
impact test, it was possible to observe that the -phase, whose precipitation was quite intense 700 
and highlighted an embrittlement effect denoted by a drop in impact resistance, did not cause 701 
any significant effect on hardness. On the other hand, for the condition of maximum hardness 702 
in the treatment of 950 °C (100h), the microstructure had a very smaller amount of delta 703 
phase and experienced a higher impact resistance when compared to the 10 h aged condition. 704 
Thereby, it was not possible to establish a direct correlation between hardness and impact 705 
resistance for the 625 alloy aged at 950 °C.  706 
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Unfortunately, the microstructural changes that have caused the hardness behavior 707 
were not observed by microscopic techniques used in this study. The main microstructural 708 
change from 0 and 10 h to 100 and 200 h at 650 °C was the Laves phase dissolution and -709 
Ni3Nb precipitation followed by dissolution together Laves phase at 950°C, which may 710 
supply for example the Nb necessary to precipitation of another phase such as ” (Ni3Nb).  711 
As the analytical techniques used are not able to confidently identify other precipitates 712 
one should not assume the probable formation of ’, ” or Ni2(Cr,Mo) dispersion 713 
strengthening phases. Based on Kumar et al.
[37-53]
, who studied a service tube of Inconel 625 714 
alloy exposed to ~600 °C for ~60,000 h, a short duration aging at 650 ºC up to 10 h caused a 715 
dissolution of the Ni2(Cr,Mo) phase. When the alloy was aged at 850 ºC for 1 h, there was a 716 
complete dissolution of both '' and Ni2(Cr,Mo) precipitates. 717 
There was no evidence of any other phase present in the SEM analysis, such as Laves, 718 
’ or ”. However, phases such as ’ and ” cannot be identified by XRD due to their small 719 
size. Therefore, the possibility that there was formation of these phases cannot be discarded, 720 
since, as is well established by numerous studies, that these phases are formed together with 721 
Laves and delta phases in aged conditions ranging from 600 °C to 900 °C
[43-47]
. Therefore, as 722 
previously mentioned, it is believed that some ” may have precipitated, which would justify 723 
the increase in hardness. 724 
4. Conclusions  725 
 726 
 727 
Based on the results obtained experimentally in this study about the effect of aging 728 
temperature and exposure time on the microstructure and mechanical properties of 625 alloy 729 
weld metal, the following conclusions can be pointed out: 730 
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(1) The microstructural evolution at 650 °C revealed that the Laves phase rich in Nb produced 731 
by microsegregation during solidification was continuously dissolved with the increase of 732 
exposure time and an intense precipitation of nanosized particles along the grain boundaries 733 
was observed. For the TiNb complex carbides/nitrides found in the as-welded condition, no 734 
change was observed. 735 
(2) For the aging temperature of 950 °C for a short exposure time, there was an intense 736 
precipitation of Ni3Nb -phases along the interdendritic region, and the Laves phase was 737 
partially dissolved and replaced by -phases. For the longest exposure times, the -phases 738 
were completely dissolved, and only the TiNb complex carbides/nitrides remained together 739 
with a very fine precipitation along -fcc matrix grain boundaries. 740 
(3) In terms of the Charpy-V impact test results, the energy absorbed for 0 and 10 h samples 741 
aged at 650 °C was kept almost the same; however there was a decrease for the longer 742 
exposure times such as 100 and 200 h. When the aging temperature was increased to 950 °C, 743 
the impact energy absorbed fell at 10h exposure but increased for longer exposure times. The 744 
impact energy values achieved were regarded as very good, and in general were higher than 745 
100 J. 746 
(4) The aging effect at 650°C on the hardness behavior showed a good correlation with the 747 
response of impact resistance, since when there was an increment in hardness there was a 748 
drop in the impact energy absorbed. The same behavior was not found for the treatment at 749 
950 °C, in which the lower impact energy did not correspond to the maximum hardness 750 
condition. 751 
(5) The non-destructive techniques for detection of microstructural changes in nickel-based 752 
alloys based on ultrasound signals was not able to identify the microstructural changes for the 753 
temperature of 950 ºC, but demonstrated to be a very promising technique for monitoring 754 
39 
 
phase changes in the nickel-based alloys for temperature of 650 ºC. Thus, requires further 755 
studies to identify the technical capabilities and limitations for temperatures above 650 ºC.  756 
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FIGURE CAPTIONS 871 
 872 
Figure 20. Experimental setup used in the welding process: (a) robotic system, (b) GTAW 873 
guide wire feed and torch. 874 
Figure 21. Schematic diagram showing: (a) the location and orientation of the Charpy-V 875 
specimens taken from the weld cladding; (b) dimensions of the Charpy impact specimens.  876 
Figure 22. (a) SEM micrographs using secondary electrons showing the Ni-fcc matrix and the 877 
secondary phases of the sample as-welded, (b) In detail, an agglomerate formed by a cuboidal 878 
precipitate of NbC/TiN wrapped by Nb-rich Laves phase, (c) EDS spectrum of Laves phase, 879 
(d) EDS spectrum of NbC/TiN cuboidal precipitate. 880 
Figure 23. (a) Representative microstructure of the sample aged at 650
o
C for 10 hours; (b) 881 
Detail of the Eutectic-like Laves phase and some cuboidal precipitates of NbTi 882 
carbides/nitrides. 883 
Figure 24. (a) Representative microstructure of the sample aged at 650
o
C for 100 hours; (b) 884 
Detail decomposition of the Laves phase with significantly reduced dimensions, and where 885 
some cuboidal precipitates of carbides/nitrides can also be seen. 886 
Figure 25. (a) Representative microstructure of the sample aged at 650 
o
C for 200 hours 887 
showing practically only NbTi carbides/nitrides; (b) Detail showing a small particle of Laves 888 
phase reminiscent of the incomplete decomposition. 889 
Figure 26. (a) Grain boundary precipitation in an early stage observed in the sample aged at 890 
650 
o
C for 100 hours; (b) Grain boundary precipitation like continuous film observed in the 891 
sample aged at 650 ºC for 200 hours. 892 
Figure 27. (a) Microchemical analysis of nano-sized precipitates along the grain boundary 893 
performed by EDS; (b) EDS spectrum of the particle; and (c) Spectrum of the matrix adjacent 894 
to the precipitate.  895 
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Figure 28. Phase diagram calculated by Thermo-Calc
©
 based on the weld metal chemical 896 
composition. 897 
Figure 29. Precipitation along the grain boundary and a very thin precipitation dispersed into 898 
the interdendritic region which may be an indicative of the ” (Ni3Nb) phase. 899 
Figure 30. Examples of SEM micrographs using secondary electrons showing the aged 900 
microstructure at 950 °C for 10 hours taken from different positions. 901 
Figure 31. Details of TCP phases in the microstructure showing Ni3Nb -phase needles 902 
together with Nb-rich Laves phases into the interdendritic region. Also a large cubic 903 
precipitate of NbTi complex carbide/nitrite was observed.   904 
Figure 32. Chemical mapping obtained by EDS for the alloying elements: (a) SEM image, (b) 905 
Mo, (c) Nb, (d) Ni, and (e) Ti. 906 
Figure 33. Examples of SEM micrographs using secondary electrons showing the aged 907 
microstructure at 950 °C for 100 hours taken from different positions. 908 
Figure 34. In detail, some secondary phases formed by Laves phase unsolved, -phase Ni3Nb 909 
needle-like and some NbTi carbide/nitride cuboidal particles. Sample aged at 950 °C for 910 
100h.  911 
Figure 35. Examples of SEM micrographs using secondary electrons showing the aged 912 
microstructure at 950 °C for 200 hours taken from different positions. (a) and (b) Regions 913 
showing cubic NbTi carbides/nitrides and large NbC carbides; (c) and (d) Small cubic NbTi 914 
carbides/nitrides and a fine precipitation at the grain boundaries can be seen. 915 
Figure 36. X-ray diffractograms from powder extraction concentrated in the secondary 916 
phases: (a) Sample aged at 650 °C for 10h; and (b) Sample aged at 950 °C for 10 h.   917 
Figure 37. Results of the effect of aging temperature and time on the absorbed energy in the 918 
Charpy-V impact test, evaluated by analysis of variance. 919 
Figure 38. Fractography images of the conditions at 650°C for (a) 10h and (b) 200h.  920 
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Figure 20. Fractography images of the conditions at 950°C for (a) 10h and (b) 200h. 921 
Figure 21. EDS mapping of the condition aged at 950°C for 200h. (a) Fracture surface image 922 
and yours respective chemical mapping of the elements (b) Ti, (c) Nb, (d) Mo, (e) Ni  and (f) 923 
Cr. 924 
Figure 22. Results of the effect of aging temperature and time on the microhardness Vickers 925 
test evaluated by analysis of variance. 926 
Figure 23. Ultrasonic a) velocity and b) attenuation measurements. 927 
 928 
929 
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TABLE CAPTIONS 930 
 931 
Table 1. Chemical composition in percent weight of the weld metal/coating and base metal. 932 
Table 2. Results of the chemical composition analysis performed by SEM/EDS on: (a) Laves 933 
phase and (b) Complex NbTi carbide/nitride. 934 
Table 3. Mean weld metal chemical composition in % wt. 935 
Table 4. Impact strength of as-welded and aged condition obtained by the Charpy-V impact 936 
test.  937 
 938 
 939 

























































Table 1. Chemical composition in percent weight of the weld metal/coating and base 
metal. 
AWS ERNiCrMo-3 
(INCONEL 625 alloy 
– Weld metal) 
Ni C Cr Mo W Fe Al Ti 
64.43 0.011 22.2 9.13 - 0.19 0.09 0.23 
Nb Mn Si Cu Co V P S 
3.53 0.01 0.05 0.01 0.03 - 0.002 0.002 
ASTM A36 steel 
(Base metal) 
Ni C Cr Mo Fe Al Mn Si 
0.01 0.15 0.02 0.01 Balance 0.02 0.95 0.2 
 
Table 2. Results of the chemical composition analysis performed by SEM/EDS on: (a) 
Laves phase and (b) Complex NbTi carbide/nitride. 
a) Laves phase b) NbTi carbide/nitride 
Element wt. % Element wt. % 
NbK 18.29 NK 6.37 
MoL 21.18 NbL 25.23 
CrK 17.27 MoL 8.39 
NiK 43.26 TiK 15.60 
- - CrK 13.88 
- - NiK 30.52 
 
Table 3. Mean weld metal chemical composition in % wt. 
C Cr Mo Nb Fe Ti Si Ni 
0.1 21.51 7.455 3.285 2.31 0.665 0.145 Balance 
 
 
 
 
 
 
Table 4. Impact strength of as-welded and aged condition obtained by the Charpy-V 
impact test.  
Sample Impact strength (J) 
As-welded (0h) 141.3 ± 14.3 
650°C/10h 150.9 ± 6.8 
650°C/100h 105.3 ± 3.3 
650°C/200h 98.4 ± 1.2 
950°C/10h 120.0 ± 3.7 
950°C/100h 136.4 ± 6.9 
950°C/200h 150.4 ± 5.5 
 
 
